We systematically studied the two-body loss in a two-component Fermi gas of 6 Li atoms near a pwave Feshbach resonance. The two-body loss rate constants were measured for various temperatures and magnetic fields using atoms trapped in three-dimensional and quasi-two-dimensional traps. Our results were nicely reproduced by a theoretical model that incorporates the two-body loss as an imaginary part to the inverse of the scattering volume in the scattering amplitude expression. The observed loss suppression in quasi-two-dimensional traps may provide a promising strategy to realize a p-wave superfluid in a system of ultracold atoms.
I. INTRODUCTION
Quantum gases with controllable interaction strengths across a p-wave Feshbach resonance offer phase transitions between superfluid phases with different symmetries. The transition from a p x superfluid to a timereversal breaking p x + ip y superfluid as well as the topological quantum-phase transition from a gapped to a gapless p x + ip y superfluid state have been theoretically predicted [1] [2] [3] [4] [5] . In two dimensions, the vortices in the BCS topological phase of the p-wave superfluid with m l = ±1 trap quasiparticles that obey non-Abelian statistics [6] and may have potential applications to realize decoherence-free quantum information processing [7] . In the past, quantum gases of 40 K and 6 Li atoms have been intensively studied across p-wave Feshbach resonances to pursue the possibility of achieving a p-wave superfluid [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the observed lifetime of pwave Feshbach molecules so far has been found to be too short to perform conventional evaporative cooling in order to achieve quantum degeneracy [11, 12] . The atomic loss near a p-wave Feshbach resonance is severe due to three-body recombination or two-body dipolar relaxation, making it challenging to realize p-wave superfluidity in a trapped Fermi gas [17] [18] [19] [20] .
In a two-component Fermi gas, strong two-body dipolar relaxations hinder the control of elastic collisions near a p-wave Feshbach resonance. The dipolar losses can be elucidated by including the imaginary part to the inverse scattering volume in the two-body scattering amplitude [21, 22] . The imaginary scattering volume quantifies the measure of the efficiency of dipolar relaxation losses. Because of enormous inelastic collision losses near a p-wave Feshbach resonance, it is important to perform systematic studies to understand the features of the two-body dipolar losses in two-component trapped Fermi gases.
In this paper, we report the experimental measurement * Electronic address: waseem@ils.uec.ac.jp of the two-body dipolar relaxation in a two-component Fermi gas of 6 Li atoms confined in three dimensions (3D) and quasi-2D. We have shown that the three-body contribution in the two-component Fermi gas can be removed by lowering the density. Our experimental results of the two-body relaxation coefficients versus the inter atomic interaction strength and temperature can be systematically explained by including a single parameter for the imaginary part to the inverse of the scattering volume in the scattering amplitude for 3D and quasi-2D atomic Fermi gases.
II. TWO-BODY RELAXATION IN 3D
The details of our experimental setup are described elsewhere [12, 14] . In brief, we performed evaporative cooling of the atoms prepared in the two lowest atomic states of |1 ≡ |F = 1/2, m F = 1/2 and |2 ≡ |F = 1/2, m F = −1/2 in a single-beam optical dipole trap. The two-body relaxation occurs as a spin flip of an atomic state from |2 to |1 . We kept the temperature of the atoms higher than the Fermi temperature to ensure that the atomic density profile follows the Boltzmann distributions. We ramped the magnetic field in the vicinity of the |1 − |2 p-wave Feshbach resonance located at B 0 = 184.9(7) G. The fluctuation in the magnetic field is suppressed to 8 mG [14] . The splitting of the two resonances due to the spin-dipole interaction [18] in 6 Li is quite small compared with the resonance width. Therefore, we treat the two p-wave Feshbach resonances as being completely overlapped with each other.
To measure atomic losses, we kept the magnetic field B to the desired detuning B − B 0 and observed the decay of the number of atoms in the trap, which is governed by the following rate equatioṅ
where Γ, K 2 , and K 3 are the one-body, two-body, and three-body loss rate constant, respectively. n and n 2 are the mean density and mean square density of both states added up, and K is the total rate coefficient which was determined in the experiment. Since the two-body loss rate is proportional to the density while the threebody loss rate is proportional to the square of the density, the two-body loss dominates the three-body loss at an atomic density lower than some critical value. In this work, we focus on the atomic density dependence of K to limit our measurement to the density region, where the two-body losses dominate the three-body losses. Determining K 2 and K 3 from the atomic decay is the direct way to show the evolution of dominant loss mechanisms from two-body to three-body losses. However, the shape of the decay curve for two-body loss and three-body loss are not so different and it is quite difficult to identify the loss mechanism from the shape of the decay curve. Instead, we determine the two-body loss coefficients for varying atomic density to see the density dependence of K 2 and show the appearance of three-body contribution in the measured loss coefficient as explained later in detail. Figure 1 shows
(connected green squares), n 2 = 3.7±0.5×10 18 m −3 (red circles), and n 3 = 2.5±0.2×10
18 m −3 (black circles), at a temperature of 2.2 µK. We varied the atomic density by lowering the initial number of atoms loaded into an optical dipole trap. Although K for n 2 and n 3 are consistent with each other, K for n 1 is higher than K for n 2 and n 3 . This is because n 1 is higher than the critical density above which the three-body losses come into play. The inset of Fig. 1 shows a plot of K versus atomic density at B − B 0 = 96 mG. It clearly shows a deviation from the two-body loss-dominated regime at the atomic density of n ≈ 4.1 × 10 18 m −3 , where the three-body loss starts to contribute. Below this atomic density, the value of K determined in the experiment can be considered equivalent 
The magnetic field dependence of K2 at T = 2.2 (red triangles) and 4.2 µK (green circles) with density equal to n2. The dashed curves represent the theoretical results obtained using Eq. (4) by considering the imaginary part of the scattering volume V1 as a fitting parameter.
to K 2 . As a reference, we determined K 3 by fitting the atomic decay plots for high atomic density cases with K 2 fixed at the value obtained from the low density case, and we get Figure 2 shows the measured values of K 2 with n ≈ n 2 as a function of the magnetic field detuning at T = 2.2 and 4.2 µK as indicated by red triangles and green circles, respectively. It can be clearly seen that K 2 drastically increases at magnetic-field detuning of around zero, and that the losses are enhanced over a wider range of magnetic field values for high temperature. To describe the observed loss feature, we consider the low-energy effective range expansion of the p-wave scattering amplitude [23] , which is
where
, with V bg and ∆B being the background scattering volume and the resonance width, respectively. The effective range k e is positive and is assumed to be constant due to its very weak dependence on the magnetic field. Similar to Ref. [22] , we included the imaginary part to the inverse of the scattering volume as 1/V = 1/V + i/V 1 , where V 1 > 0 and is assumed to be independent of the external magnetic field [22] . The inelastic loss rate constant can be expressed as β(E) = v r × σ(E), where v r = 2 k/m is the relative velocity between two atoms of mass m and σ(E) is the p-wave inelastic scattering cross section for the relative energy E = mv 2 r /4. Using the Smatrix element notation [22] , σ(E) can be written as
Consequently, an inelastic rate constant (which is twice that of β) averaged over the Boltzmann distribution can be expressed as follows:
We adopted the value V bg ∆B = −1.8 × 10 6 a 3 0 [Gm 3 ] with a 0 being the Bohr radius [24] . In the large scattering volume limit, the effective range can be expressed in terms of scattering parameters from the pole of the scattering amplitude as k e = − 2 /(mV bg ∆Bδµ) [3] , where δµ = k B × 111 µK/G is the relative magnetic moment between the molecular state and the atomic state [13] and the effective range is estimated to be k e ≈ 0.14a
0 . The red and green dashed curves in Fig. 2 show the results of data fitting using Eq. (4) considering V 1 as a free parameter for the data at T = 2.2 and 4.2 µK, respectively [25] . Equation (4) perfectly reproduces the two sets of experimental data with V 1 = 4.85(0.10) stat (4) syst × 10 −21 m 3 . The statistical error reflects uncertainty that arises from the fitting error, and the systematic error in fitting is mainly due to uncertainty in the atom number determination.
Next, we fixed the magnetic field detuning and measured the temperature dependence of K 2 . We changed the temperature by changing the final trap depth of the optical dipole trap for evaporative cooling. Figure 3 shows the temperature dependence of K 2 for different detuning values: B − B 0 = 15 (circle), 290 (squares) and 356 mG (triangles), while the density was maintained close to n 2 . The data show a clear difference in the temperature dependence in the near-and far-resonant regimes. The solid curves correspond to the theoretical results obtained using Eq. (4) with the parameters determined from results shown in Fig. 2 . In the near-resonant regime, where k T /k res > 1 with k T = 3mk B T /(2 2 ) and k res = 1/ k e |V |, K 2 is approximately expected to depend on T −3/2 . By contrast, in the far-resonant regime, where k T /k res < 1, K 2 is expected to be proportional to T [22] . The stark difference in the temperature dependence of K 2 is successfully reproduced in the ex- periments and theory.
III. TWO-BODY RELAXATION IN QUASI-2D
We measured the two-body loss coefficient Q 2 that is defined in a manner similar to that of the 3D case by the rate equationṄ
in a quasi-2D geometry with n 2D being the average 2D atomic density per lattice layer. In this experiment, we experimentally checked that the atomic density is low enough to neglect the three-body loss, and we therefore take into account the two-body loss term in Eq. (5). We formed an optical lattice along the quantization axis using a 1064-nm laser whose beam waist was 65 µm. The quantization axis is parallel to the magnetic field. In the lattice potential, atoms were distributed in tightly confined isolated 2D layers [16] . To completely restrict the motion of the atoms along the lattice direction, we chose an experimental condition such that the axial energy ω z , where ω z is the confinement frequency along the lattice direction, was higher than the thermal energy k B T . Considering both the size of the Brillouin zone and our imaging resolution, we employed the adiabatic band-mapping technique to verify that the population in the excited motional states along the lattice direction is small (less than 8 %) [26] . The atoms in the motional ground state can approach each other only in a side-toside configuration. Consequently, within each isolated 2D layer, collisions are purely in the m l = ±1 symmetry [10, 16, 27] .
To measure Q 2 , we monitored the time evolution of the atomic number obtained through absorption images captured along the lattice direction. An average 2D density per layer is determined by n 2D = (N/α)(mω 2 /4πk B T ) [26] , where N is the total number IG. 5: Magnetic field dependence of Q2 at T = 4.1 µK (green circles) and T = 7.7 µK (red diamonds). The solid and dotted curves represent the results obtained using Eq. (7) with an amplitude factor of unity and ǫ = 0.23 ± 0.02, respectively. The dashed curves showQ2 = K2/( √ 2πlz) based on Eq. (4), indicating that the loss constant was suppressed in 2D. The inset shows the temperature dependence of Q2. The shaded area represents the results obtained using Eq. (7) with ǫ = 0.23 ± 0.02.
of atoms, α ≈ 133 is the number of lattice layers, and ω = √ ω x ω y is the 2D mean trap frequency.
To ensure that the two-body loss dominates over the three-body loss, we explored the density dependence of Q 2 at various magnetic field detunings for a fixed temperature of T = 4.0µK and lattice depth of V lat = 17 E rec as shown in Fig. 4 , where
µK is the recoil energy of 6 Li. Density was changed similar to the 3D case. The data clearly indicate that two-body losses dominate in this density region, although an equivalent 3D density n 2D /( √ πl z ) is approximately one order higher than densities of Fig. 1 . Here, l z = /mω z is the harmonic oscillator length with ω z = 2π × 245 kHz. Since the three-body loss does not appear at n 2D ≈ 3.5 × 10 12 m −2 for B − B 0 ≈ 100mG, the upper limit of K 3 is estimated to be 2 × 10 −37 m 6 /s. This value is one order smaller than the 3D case (1.5 × 10 −36 m 6 /s as discussed already). In this sense the three-body losses are observed to be less important in 2D and the higher suppression of the three-body loss in 2D is also consistent with the prediction by Ref. [5] . Since three-body losses are less important in 2D, to overcome the issue of the three-body loss in a high density regime for a two-component Fermi gas, it might be useful to confine the atoms in the quasi-2D. In Fig. 5 , the green circles show Q 2 for n 2D = 3.3 × 10 12 m −2 , T = 4.1µK, and V lat = 22 E rec (ω z = 2π × 275 kHz) while red diamonds show Q 2 for n 2D = 3.8 × 10
12 m −2 , T = 7.7 µK, and V lat = 53 E rec (ω z = 2π × 428 kHz).
Similar to the 3D case, we explain the two-body loss considering the quasi-2D p-wave scattering amplitude for two particles with a relative momentum q [28, 29] ,
where, A = (3 √ 2πl
13015] are the 2D scattering area and the effective range, respectively.
The inelastic cross section for quasi-2D can be written in terms of the S matrix as σ
, where the 2D scattering amplitude is related to the S matrix as f (q) = 2i[S 2D (q) − 1]. Similar to the analysis of the 3D case, we included the imaginary part to the inverse of the scattering volume V I which yields an imaginary scattering area: A I = 3 √ 2πV I /4l z > 0. Then, by taking the thermal average, the 2D inelastic loss rate constant, which is twice the value of β 2D = v r × σ 2D in , can be expressed as follows:
In Fig. 5 , the solid curves represent the result obtained using Eq. (7) with the parameters determined from the 3D measurement. Compared to the case of the 3D trap, the theoretical curves do not match with the experimental results and differ by factor of four. However, by taking the amplitude factor of ǫ = 0.23 ± 0.02, the curves match nicely with experimental results for T = 4.1µK and T = 7.7µK as shown by dotted curves. Even if we take into account the systematic uncertainty (60 % or factor of 2.5) associated with atomic numbers, trap frequencies, temperatures, and lattice depth V lat , the deviation of experimental data from theory curves can not be explained.
The reason for a factor ǫ smaller than unity comes from the dipolar loss suppression in the m l = −1 collision channel. Since the atoms are confined in a quasi-2D trap perpendicular to the quantization axis, atoms can only collide in the m l = ±1 configurations [10, 16, 27] . The m l = −1 channel has a four orders of magnitude smaller dipolar loss coefficient than the m l = +1 channel because of the angular momentum conservation [19] . Therefore, the number of channels that contribute to the dipolar loss is reduced by a factor of two in the lattice potential (m l = +1 channel contributes in 2D case and m l = 0 and m l = +1 channels contribute in 3D case). The overestimation of the number of collision channels may cause Q 2 to be overestimated by a factor of two, and this may be a part of the reason of the uncertainty. However, this scenario needs to be tested by performing the same measurement with an optical lattice which is aligned perpendicular to the quantization axis to make both the m l = 0 and m l = ±1 channels active. In the non-degenerated regime, the atomic loss rate constant determined in the 3D measurement can be scaled to the atomic loss rate constant in 2D byQ 2 = K 2 /( √ 2πl z ) [26] unless additional properties of the loss mechanism are modified by the lattice confinement. We comparedQ 2 with values of Q 2 using Eq. (4) as shown by dashed curves in Fig 5 which clearly shows that the loss rate constant is suppressed in quasi-2D compare with the 3D case. This suppression is predicted theoretically in Ref. [22] . Our experimental results (markers in Fig. 5 ) show even smaller dipolar loss coefficients than those which were theoretically predicted (solid curves in Fig. 5 ).
Furthermore, the temperature dependence of Q 2 was measured at small and rather large magnetic field detuning conditions, as shown in the inset of Fig. 5 . Since the two-body loss rate constant is insensitive to the confinement strength, we scanned the temperature of the quasi-2D Fermi gas by changing the confinement strength ω z from 2π × 75 kHz to 2π × 500 kHz in the range shown in the inset of Fig. 5 . The width of the shaded area indicates the variation in the values of Q 2 by changing ω z from 2π × 75 to 2π × 500 kHz. A clear difference in the temperature dependence of Q 2 can be observed between the near-and far-resonant conditions. In the nearresonant regime, q T /q res > 1 with q T = mk B T /( 2 ) and q res = 1/ q e |A|, the loss rate constant approximately behaves as T −1 compared with the 3D case in which the loss rate constant has a T −3/2 dependence.
IV. CONCLUSION AND OUTLOOK
In conclusion, we experimentally performed systematic studies of the two-body loss of atoms in the vicinity of a p-wave Feshbach resonance using a two-component Fermi gas of 6 Li atoms confined in 3D and quasi-2D traps. The observed two-body loss rate constants as functions of temperature and magnetic field can be explained accurately by introducing an imaginary part to the inverse of the scattering volume. Our findings support the prediction of the loss suppression in 2D and we experimentally observed an even higher suppression than that predicted theoretically. Since further suppression of the dipolar loss in one dimension has been discussed theoretically [22] , confining the atoms in one dimension may provide the way to achieve p-wave superfluid in cold atom systems. The elastic collisional properties of the atoms in the low dimension as well as the inelastic collisional properties studied in the current work are also important toward realization of p-wave superfluid.
